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FOREWORD
This dissertation is divided into three chapters that can be 
read independently. Chapter i reviews the general theories in the 
herbivory literature and how herbivory affects wetlands in particular. 
Chapter II discusses the methods developed to measure primary 
production of Sagit taria species. Chapter III reports the observed 
effects of herbivory on biomass and primary production of Sagittaria 







LIST OF TABLES................................................  vli
LIST OF FIGURES................................................ xi
ABSTRACT......................................................  xiii
CHAPTER I: EFFECTS OF HERBIVORES ON PLANT COMMUNITIES: A 
LITERATURE REVIEW WITH EMPHASIS ON WETLAND PLANT
COMMUNITIES.............................................  1
Introduction........................................  2
Background: Hypotheses on the Effects of
Herbivores........................................  2
Herbivory in Wetlands..............................  5
Conclusions.........................................  7
CHAPTER II: ESTIMATION OF TOTAL PRIMARY PRODUCTION IN 
SAGITTARIA-DOMINATED TIDAL FRESHWATER MARSHES OF THE
WAX LAKE DELTA, ATCHAFALAYA BAY, LOUISIANA............  8
Introduction........................................  9
Study Site..........................................  10
Methods.............................................  12
Aboveground biomass..........................  12
Simple regression method............... 14




TABLE OF CONTENTS (continued)
Destructive method.....................  16
Belowground standing crop....................  16
Belowground production.......................  17
Statistical analyses.........................  18
Results.............................................  18
Aboveground biomass..........................  18
Destructive method.....................  18
Nondestructive method..................  20
Longevity.....................................  24
Belowground standing crop....................  25
Aboveground production.......................  26
Belowground production.......................  27
Total primary production.....................  32
Discussion..........................................  33
Methodology...................................  33
Aboveground biomass....................  33
Aboveground production................. 34
Variability in the data......................  34
Aboveground biomass..........................  34
Aboveground production................. 35
Belowground production................. 36
Comparisons with other studies............... 37
Conclusions.........................................  40
v
TABLE OF CONTENTS (continued)
Page
CHAPTER III: THE EFFECT OF VERTEBRATE HERBIVORES ON
PRODUCTION OF SAGITTARIA MARSHES OF THE WAX LAKE DELTA,
ATCHAFALAYA BAY, LOUISIANA.............................  42
Introduction........................................  43
Methods.............................................  4 5
Exclosures.................................... 45
Aboveground biomass and production..........  47
Belowground standing crop and production  49
Elevation.....................................  49
Results.............................................  50
Aboveground biomass..........................  51
Aboveground production.......................  59
Belowground standing crop....................  62
Belowground production.......................  66
Total production.............................  68
Discussion..........................................  71
Grazing effects............................... 71
Relative effects of furbearers and waterfowl. 73
Flooding and competition effects............. 73
Interactions among grazing, flooding and







1 Average harvested aboveground biomass in 1986 in
grams dry weight per square meter................ 19
2 Multivariate repeated measure analysis for
harvested aboveground biomass,..1987 ........  21
3 Multivariate repeated measure analysis for
predicted aboveground biomass, 1986........  23
4 Multivariate repeated measure analysis for
predicted aboveground biomass,..1987 ........  25
5 Multivariate repeated measure analysis for
belowground standing crop, 1986.............. 28
6 Analysis of variance for belowground standing
crop in 1987 .................................. 29
7 Turnover rate, end-of * season biomass, and
aboveground production for Sagitcaria-
dominated marshes............................  30
8 Tuber biomass, belowground production rate from
regression, and estimated belowground
production for Sagictaria-dominated marshes.. 31
9 Total primary production in grams per square
meter.........................................  32
10 Selected aboveground biomass, belowground
standing crop, and aboveground production
values from the literature................... 38
vii
LIST OF TABLES (continued)
Table Page
11a Multivariate repeated measure analysis for
predicted aboveground Sagittaria biomass,
1986. All four grazing treatments were
included in this analysis.....................  52
lib Multivaiiate repeated measure analysis for
predicted aboveground Sagittaria biomass,
1987. Only the control and waterfowl*
grazed treatments were sampled..............  53
12a Multivariate repeated measure analysis for
harvested aboveground Sagittaria biomass,
1987. Only the control and waterfowl*
grazed treatments were sampled.............. 55
12b Multivariate repeated measure analysis for 
total harvested aboveground biomass,
19876. Only the control and waterfowl -
grazed treatments were sampled..............  56
13a End-of-season harvested biomass (in grams dry 
weight per square meter) and turnover rate 
for both Sagittaria species (number of times 
per year), 1986, Only significantly 
different values are shown for turnover 
rates.........................................  60
viii
LIST OF TABLES (continued)
Table Page
13b End-of-season harvested biomass (In grams dry 
weight per square meter) and turnover rate 
for both Sagittaria species (number of times 
per year), 1987. Only significantly 
different values are shown for turnover
rates............................................  61
14a Degrees of freedom, F-values, and significance 
levels from the analysis of variance for 
aboveground production of Sagittaria species 
measured both nondestructively and
destructively, 1986.......................... 62
14b Degrees of freedom, F-values, and significance 
levels from the analysis of variance for 
aboveground production of Sagittaria species 
measured both nondestructively and
destructively, 1987.......................... 63
15a Analysis of variance for belowground standing
crop, 1986.................................... 65
15b Analysis of variance for belowground standing
crop, 1987 .................................... 66
16 Tuber biomass and belowground production rates
from the regressions for Sagitcaria-dominated
marshes. Only significantly different
values are shown.............................. 69
ix
LIST OF TABLES (continued)
Table Page
17 Aboveground production of Sagittaria species 
measured nondestructively, belowground 
production of all species estimated by 
regression, and total production for 
Sagittaria-dominated marshes. Only




1 Location of the study site........................ 11
2 Measurement of leaf-blade lengths of (A)
S. latifolia and (B) S. platyphylla.........  13
3 Temporal trends in aboveground harvested biomass
as a function of island and elevation, 1987., 20
4 Temporal trends in aboveground biomass estimated
from multiple regressions as a function of
island and elevation.........................  22
5 Temporal trends in tuber biomass and belowground
standing crop as a function of island and 
elevation.................................... 27
6 Aboveground production as a function of relative
elevation.....................................  36
7 Grazing treatments used in this study............  46
8 Location of the study site and experimental
layout. C - Control, W — Waterfowl grazed,
F - Furbearer grazed, and N - Not grazed  48
9 Temporal trends in estimated aboveground biomass
as a function of elevation and grazing
treatment.....................................  54
xi
LIST OF FIGURES (continued)
Figure Page
10 Temporal trends in harvested aboveground biomass
as a function of elevation and grazing 
treatment. Filled symbols show total 
aboveground biomass, and open symbols show 
Sagittaria biomass. Error bars indicate one 
standard error................................... 57
11 Yearly average aboveground biomass and
belowground standing crop as a function of 
elevation and grazing treatment. Error bars
Indicate one standard error.................  58
12 Average aboveground production as calculated 
with destructive and nondestructive 
methods. Error bars indicate one standard
error.........................................  64
13 Temporal trends in belowground standing crop as 




Aboveground production of tidal freshwater marshes dominated by 
Sagittaria latifolia or Sagittaria platyphylla is best estimated with 
nondestructive techniques. A nondestructive method for estimation of 
Sagittaria aboveground biomass and production was developed using 
multiple regression. This technique yielded estimates of aboveground 
biomass of Sagittaria ranging from 0 to 1875 g/m2; harvested aboveground 
biomass of Sagittaria ranged from 85 to 1356 g/m2. Aboveground 
production was estimated nondestructively on the basis of permanent 
plots (465-3809 g/m2/yr) and destructively on the basis of end-of-season 
biomass (775-4056 g/m2/yr), Destructively estimated belowground 
production ranged from 2 33 to 1199 g/m2/yr. Aboveground production was 
positively correlated with elevation, whereas belowground production 
seemed more related to dominant species.
The effects of vertebrate grazing on above- and belowground 
biomass and production were insignificant in the first year of this 
study. In the second year, grazing significantly decreased aboveground 
biomass and production (measured nondestructively) of Sagittaria at the 
intermediate elevations. At the highest elevation other plant species 
invaded and Sagittaria production decreased, when furbearer grazing was 
prevented. At the lowest elevation S. platyphylla was dominant, and 
compensatory growth seemed to occur in this species. Production 
estimates based on end-of-season biomass and leaf longevity were 
considered less reliable for testing grazing effects than estimates
xiii
based on a nondestructive method because herbivory affected the 
longevity of the studied species.
xiv
CHAPTER I
EFFECTS OF HERBIVORY ON PLANT COMMUNITIES:




Herbivory has been shown to impact species composition in a 
variety of ecosystems (see reviews by Harper, 1977; Crawley, 1983; and 
Dirzo, 1984, 1985). The objective of this review is to evaluate the
effects of herbivory on wetland plant communities,
BACKGROUND: HYPOTHESES ON THE EFFECTS OF HERBIVORES
Many ecologists have reviewed the literature to assess the 
effects of herbivory on individual plants and the Impacts of these 
effects on plant communities (Ellison, 1960; Jameson, 1963; Owen 1980; 
McNaughton, 1983, 1986; Dirzo, 1984; Belsky, 1986). McNaughton (1983) 
delineated three hypotheses concerning the relationship between plant 
fitness (in the Darwinian sense) and intensity of herbivory:
1. Herbivory is always detrimental to the plant eaten. The higher
the intensity of herbivory, the greater the reduction in 
fitness of the plant.
2. Low intensities of herbivory do not change the plant's fitness. 
Higher levels of herbivory reduce the plant's fitness.
3. Moderately low levels of herbivory cause the plant to 
overcompensate, which Increases the plant's fitness. Higher 
levels of herbivory reduce the plant's fitness.
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McNaughton (1979) listed the following ways in which plants can 
increase relative growth rates to compensate for grazing:
1. increased photosynthetic rates in residual tissue
2 . reallocation of substrates from elsewhere in the plant
3. increased light intensities upon potentially more active 
tissues
4. reduction of leaf senescence rates
5. hormonal redistribution resulting in higher rates of vegetative 
reproduction and/or better positioning of the leaves for 
interception of light
6. enhanced conservation of soil moisture
7 . more rapid recycling of nutrients
8. growth-promoting substances from ruminant saliva 
McNaughton argued that since several plant species have been reported 
to use one or more of these methods, the third hypothesis, that is, 
increased fitness at low levels of herbivory, may be true (fitness has 
been mostly measured as growth). Belsky (1986) critically reviewed 
McNaughton's evidence and concluded that herbivory seldom causes 
biomass to increase. McNaughton (1986), however, defended his 
methods, which were the primary subject of Belsky's criticism.
Questions about the relationship between grazing intensity and 
plant fitness remain difficult to resolve because different grazing 
intensities have rarely been investigated. Mathematical models show 
that the presence of mechanisms that increase relative growth rates 
after grazing does not necessarily mean that grazing will increase 
production (Hilbert et al., 1981). These mathematical models also
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show that all three patterns described in McNaughton*s hypotheses 
could occur in the same species, depending on other factors that 
affect growth, such as competition and physical stress. (Throughout 
this chapter, the term "stress" is used for any abiotic factor that 
reduces production.)
Dirzo's (1984) experiment with four levels of defoliation, two 
levels of competition, and two levels of shading is the only study I 
found that gives some information on the interaction between grazing, 
competition, and stress. Dirzo showed that herbivory negatively 
affects Omphalea oleifera seedlings in the sun only if they are 
intensely grazed (75% defoliation) when competing with other species.
In the shade, competing Omphalea oleifera seedlings had lower survival 
rates even if no grazing occurred, and grazing at all levels further 
reduced the survival rate.
The models of Hilbert et al. (1981) suggest that stressed 
plants, whose growth rates are slower than their potential rates, are 
more likely to increase growth after they are grazed. This seems to 
contradict Dirzo's (1984) results. In reality, however, grazing can 
increase production (fitness) only if the source of stress is somehow 
diminished by grazing. In Dirzo's experiment the defoliation of the 
seedlings did not affect the light-limiting canopy of the surrounding 
trees, and apparently photosynthetic rates in the remaining leaves of 
the seedlings did not increase, or at least did not increase enough 
for seedling survival.
Another general question In the discussion of the effects of 
herbivory is, how does herbivory influence species diversity and
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succession? Dirzo (1984, 1985) postulated the following hypotheses:
(1) When the competitively dominant plant is preferred, low grazing 
intensities permit the dominant species to outcompete the others, thus 
reducing diversity. Moderate grazing allows inferior competitors to 
persist, and diversity increases. Intense grazing eliminates most 
species, leaving only the most inedible plants in a low-diverslty 
environment. (2) When the competitive don.j nam is not the preferred 
food, competitive exclusion is enhanced, and diversity decreases 
independently of the intensity of grazing. The outcome of competitive 
interactions, and therefore species composition of the plant 
community, depends on whether the dominant species is preferred 
(Dirzo, 1985). However, Bentley and Whittaker (1979) found that 
although the beetle Gastrophysa viridula prefers the competitive 
dominant Rumex obtusifolius, Rumex crlspus was the species most 
negatively affected by the interaction of grazing and competition. 
Researchers should consider this difference in susceptibility to 
grazing when predicting the effects of herbivory on competing plants.
HERBIVORY IN WETLANDS
Species composition in wetlands is usually determined by a 
variety of biotic and abiotic factors, but Weller (1978, 1981) 
identified flooding and herbivory as the two most important factors 
structuring the vegetation of prairle-pothole wetlands. The 
importance of both these factors has been shown for a variety of
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wetlands, ranging from saline to fresh, and from arctic to subtropic 
(Basset, 1980; Bakker and Ruyter, 1981; Smith, 1983; Cargill and 
Jefferies, 1984; Bakker, 1985; Joenje, 1985; Bazely and Jefferies,
1986; Ellison, 1987; Giroux and Bedard, 1987b; Evers et al., 1988; 
Pehrssohn, 1988). All of these studies involved moderate - to-high 
grazing intensities of generalist herbivores. Only one of the 
reviewed papers (Smith, 1988) found that grazing by vertebrate 
herbivores did not affect the wetland community (when herbivores were 
present), but this was due to both the short term of the study (one 
growing season) and the fact that the herbivores fed mostly in the 
adjacent uplands. The lack of studies showing no effect of herbivory 
might be due to an unwillingness to report this kind of data or to the 
fact that herbivory is seldom evaluated when thought of as 
ins ignif icant.
All other studies indicate that herbivores maintain wetlands 
dominated by early successional, more flood-tolerant species (Bakker 
and Ruyter, 1981; Bakker, 1985; Jensen, 1985; Joenje, 1985; Bazely and 
Jefferies, 1986; Pehrssohn, 1988), even though early successional 
species are preferred by herbivores (Cates and Orians, 1975; Brown, 
1982; Louda, 1986, and references therein), Studies on herbivory in 
wetland communities indicate that grazing seldom reduces the abundance 
of early successional species, and some of these species even increase 
production as a result of grazing (Prins et al., 1980; Cargill and 
Jefferies, 1984; Jensen, 1985; Bazely and Jefferies, 1986; Kotanen and 
Jefferies, 1987). Many characteristics of early successional species 
in wetlands, such as rapid growth, high sexual or vegetative
7
reproductive effort or both, basal meristems, high leaf turnover 
rates, and large root-to-shoot ratios, are adaptive for rapid 
colonization of open stressful habitats and for sustenance of 
herbivory.
A few researchers have found that severe grazing in wetlands 
eliminated most or even all emergent plant species (Lynch et al.,
1947; Weller, 1978; Evers et al., 1988; Jefferies, 1988).
CONCLUSIONS
The generalist, vertebrate herbivores commonly found in wetlands 
prefer early successional species. Early successional wetland species 
have adaptations for colonization of open areas that seem to limit the 
impacts of moderate herbivory. Moderate grazing in wetlands therefore 
often maintains communities dominated by early successional species, 
whereas severe grazing can eliminate all emergent vegetation.
CHAPTER II
ESTIMATION OF TOTAL PRIMARY PRODUCTION IN SAGITTARIA- 





Many methods have been described for estimating aboveground 
production of marsh vegetation, most of them involving sequential 
harvesting (Linthurst and Reimold, 1978; Shew et al,, 1981). In tidal 
freshwater marshes these methods tend to underestimate the aboveground 
production because of high species diversity, changing dominance 
during the season, high decomposition rates, leaf mortality before and 
between harvests, and herbivory (Whigham et al., 1978),
Few methods have been described for estimating aboveground 
production in marshes using nondestructive techniques (Hopkinson et 
al., 1980; Wohlgemuth, 1988; Morris and Haskin, 1989), Using these 
techniques, researchers can estimate production more accurately than 
with destructive methods because (1) no site-to-site variation 
interferes with the estimation, and (2) nondestructive methods account 
for leaf or stem mortality between sampling periods.
The objectives of this study were (1) to develop a 
nondestructive method for estimating aboveground primary production of 
marshes dominated by Sagittaria latifolia and S. platyphylla, and (2) 
to estimate above- and belowground primary production in marshes 
dominated by S. latifolia and S. platyphylla, {Species determination 
follows Curry and Allen, 1973.)
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STUDY SITE
The study site is In the Wax Lake delta, the smaller of two 
deltas In Atchafalaya Bay (Fig. 1). Wax Lake delta receives 30% of 
the flow of the Atchafalaya River through Wax Lake Outlet, an 
artificial channel dredged in 1942 (Roberts et al., 1980). Sediments 
carried by the Atchafalaya River have been filling Atchafalaya Bay 
since the 1930s (van Heerden and Roberts, 1980). After the severe 
spring flood of 1973, the first subaerial flats were observed at both 
the mouth of the Atchafalaya River and the mouth of Wax Lake Outlet. 
Emergent vegetation colonized these flats after sediments accreted to 
intertidal elevations, but large vegetated areas did not appear in the 
Wax Lake delta until the early 1980s.
The vegetation of Wax Lake delta can be described as that of a 
tidal freshwater marsh (Odum et al., 1984), but in contrast to many 
other tidal freshwater marshes, the vegetation here Is characterized 
by low diversity and no seasonal changes in dominance. This is 
probably because this marsh is relatively young.
In 1986 the emergent vegetation of Wax Lake delta was dominated 
by S. latifolia (42% of the total vegetated area) and S. platyphylla 
(35% of the total vegetated area). The remaining vegetated area 
consisted of mixed marsh vegetation and some vegetation dominated by 
Salix nigra (Evers et al,, 1988). The distribution of these plant 






Fig. 1. Location of the study site.
delta; the S. piatyphylla association occupies the lower elevations of 
the intertidal flats.
In this deltaic environment aboveground growth does not start 
until the high spring floodwaters recede, usually in April or May. At 
this location the Sagiccaria species grow from both overwintering 
tubers and seeds, and the marsh is lush until the first autumn cold 
fronts pass through. The growing season is therefore a maximum of 
about 216 days, which is shorter than the growing season of other 
Louisiana marshes, some of which stay active year-round (Hopkinson et 




In 1986 two 0.25-ra2 permanent plots were established in areas 
where S. latifolia was dominant (high elevation) and in areas where S. 
platyphylla was dominant (low elevation) on two islands (Long Island 
and Mud Queen Island) in the Wax Lake delta, resulting in a total of 
four plots for each community type. In 1987 the number of permanent 
plots was increased to six 0.25-m2 plots per plant association. 
Although S. platyphylla was dominant at the lower-elevation sites in 
1986, S. latifolia replaced it in most of these areas in 1987.
In each plot, on the first sampling day of the year the leaves 
of the six to ten ramets of either Sagittaria species closest to the 
side of the plot facing the observer were tagged and their leaf-blade 
lengths recorded. For both species, we defined leaf-blade length as 
the distance between the tip of the leaf and the lowest point of the 
leaf blade (Fig. 2). We also recorded density (number per 0.25 m2) of 
live and dead leaves of each Sagittaria species, density of flowering 
stalks of each Sagittaria species, and presence of other species.
After approximately three weeks, we remeasured tagged leaves that were 
still alive, recorded tagged leaves that had died, and tagged and 
measured new leaves of the tagged ramets. This procedure was repeated 
at intervals of approximately three weeks in 1986 from 10 July to 26 
September, and in 1987 from 25 May to 5 October.
To develop a prediction equation, we harvested twelve 0.25-m2 
plots at intervals of approximately three weeks in the 1987 growing
13
Fig. 2. Measurement of leaf-blade lengths of (A) Sagittaria
latifolia and (B) Sagittaria platyphylla.
season In areas where elevations were high and S. latifolia was 
dominant, and in areas where elevations were low and S. platyphylla 
was Initially dominant. The harvested plots were located at random 
points along transects on the same two islands in the Wax Lake delta 
in natural areas and in fenced areas that excluded fur-bearing 
herbivores (nutria and muskrat). From these plots the aboveground 
parts of the 10 ramets of either Sagittaria species closest to the 
transect line were harvested and stored separately in small plastic 
bags. The remaining aboveground plant parts were harvested and placed 
in a plastic bag for transport to the laboratory. There the bags were 
stored at 5°C until processing, which usually occurred within three 
days after harvesting. Processing consisted of measuring the lengths
14
of the leaf blades of the 10 separated ramets and determining the 
density of live leaves, flowering stalks, and other species. All 
leaves and flowers were then dried to constant weight at 80°C in a 
forced-draft oven.
The data from the harvested plots were used to develop two 
methods for the prediction of aboveground biomass.
1. Simple regression method
Polynomial regressions of leaf dry weight on leaf-blade length were 
fitted for each species:
LDWTS1 - .12 - .0-1 LBLst + .0055 LBLsl2 R2-.80 (1)
LDWTgp - .029 - .013 LBL£p + .0032 LBL£p2 R2-.7* (2)
where LDUT - leaf dry weight; LBL - leaf-blade length; and the 
subscript SI - S. latifolia and Sp - S. platyphylla.
We used these regressions to predict the biomass of each leaf 
for which the blade length had been measured and then calculated a 
mean biomass per leaf for each species. These means were then 
multiplied by the total density of live leaves and flowering stalks 
of the appropriate species to estimate total aboveground biomass.
2-l. Multiple regress ion method
First we used a stepwise regression to select the variables that 
significantly contributed to the prediction equation (SAS Institute 
Inc. , 1985). This was done for each species separately using 
either the total dry weight of that species or the natural 
logarithm of the total dry weight of that species as the dependent 
variable. We then analyzed the residuals of the resulting multiple 
regressions for departure from the model assumptions of constant
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variance and normal distribution of the error terms (see Neter et 
al., 1985), On the basis of this information we selected the 
following prediction equations:
in(DWTsl> -  .3 8  + .0017 HLlsl - .015 Ds l  + .011 D«y* + .002* MLLS1*DS1 RZ-.77(3)
DWTSp - * 2 - 63 MLLSp - .27 DSp + 1.3 FSp ♦ .059 MLLSp*DSp r V b b<4)
where DWT - dry weight in grams per 0.25 mz; MLL - mean leaf-blade 
length; D - density of leaves; days - the sampling date as number 
of days from 1 January; F - the density of flowering stalks; and 
the subscript SI - S. latifolia and Sp - S. platyphylla.
Although the simple regression method has been used for other species 
(Smith and Kadlec, 1985; Giroux and Bedard, 1988a; Wohlgemuth, 1988), 
we rejected it because propagation of errors is inherent in this 
method. The multiple regressions are both highly significant, and 
graphical analysis of the residuals confirmed that they had constant 
variance and
showed no trends. We therefore assume that these multiple regressions 
predict biomass without systematic errors.
Aboveground production
Aboveground production was estimated using two methods, one 
destructive and the other nondestructive.
Nondestructive method. The nondestructive method measures 
aboveground primary production during a sampling interval for each 
species as the biomass at the end of the sampling interval minus the 
biomass surviving from the beginning of the sampling interval:
Abov.groiuid P r o d u c t i a n ( t n )  -  BM, Ln > - t S ( t n , / T { t n _ j  , 1 BM( t r )_ u ( 5 )
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where tn - nth sampling date; BM - estimated dry weight of the species 
in grams per square meter; S - number of tagged leaves surviving from 
the previous sampling date; and T - total number of leaves tagged. 
Production of the plot for each sampling interval is the sum of the 
production of each species. Production before the first sampling date 
Is estimated by the biomass present at that date. Total production 
for the year is the sum of productions estimated for each sampling 
interval plus the production before the first sampling date.
Destructive method. The destructive method uses a turnover rate 
calculated for each species:
number of days In ths (rowing sssson
Turnover rata -   (6)
avaraga longevity of taggad Laavaa
The growing season was assumed to be from 1 April to 1 November, a
period of 218 days. Aboveground production is calculated as the
product of turnover rate and end-of- season biomass. For end-of-season
biomass, 10 plots were harvested on each of the two islands at random
points along a transect in the first week of October in both years.
Five plots were at high and the other five at low elevations,
Beloweround standing crop
Six samples were taken at low and high elevations on both islands 
in 1986 at six-week intervals starting 21 May and ending 18 November, 
and in 1987 on 21 May and 28 October. Each sample consisted of four 
sediment cores (7.6 cm in diameter and U0 cm long) taken in a tight 
pattern. The largest part of the belowground biomass of most marsh 
species, including S. latifolia (Clay 1983, cited in Clark and Clay,
17
1985) and S. platyphylla (Chabreck et al., 1983), occurs in the top 40 
cm of t.,e substrate (Gallagher and Plumley, 1979),
After collection, tie cores were stored at 5°C until they could 
be processed. Each sample was washed through a 0.5-mm-mesh sieve to 
remove all soil particles. Tubers were identified following Martin 
and Uhler (1951) and dried for at least 48 hours at 80°C for dry-weight 
determination. The remaining organic matter on the sieve was dried in 
the same manner to determine its dry weight. Tubers and other organic 
material were combined to estimate total belowground standing crop.
Belowground production
Calculation of belowground production by the method described by 
Milner and Hughes (1968) is strongly influenced by the number of 
sampling dates and relies heavily on the identification of minima and 
maxima, which makes this method sensitive to variability in the data 
(Singh et al., 1984). We therefore decided to fit a regression to the 
standing crop data as a function of sampling time. The slope of this 
regression, an estimator of the rate of production, was multiplied by 
the number of days in the growing season to estimate total belowground 
product ion,
To make the estimate more accurate, we subtracted tuber biomass 
from the total belovground standing crop for samples taken before 
August, under the assumption that the biomass of the tubers present 
early in the growing season is translocated to the aboveground 
biomass. This adjustment provides us with a better estimate of 
belowground production because tubers increase the belowground
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standing crop at the beginning of the growing season and therefore 
decrease the slope of the actual regression. Tuber biomass present 
early in the growing season is produced in the previous year and 
should be excluded from the production estimates. We therefore also 
subtracted the average tuber biomass present at the beginning of the 
growing season from our estimates of aboveground production.
Statistical analyses
Multivariate repeated measure analysis (see Johnson and Wichern, 
1988) was used for all data sets that repeated measurements within 
each island-by-elevatIon combination. An exception was made for the 
belowground standing crop data of 1987, for which we used the more 
powerful split-plot analysis of variance. We made this exception 
because we sampled belowground standing crop only twice in 1987, and 




Destructive method. Harvested aboveground biomass in 1986 ranged 
from 85.2 to 1355.6 g/m2. Mean values for each island-by-elevation 
combination are given for both sampling dates in Table 1. In August 
biomass was greater at the high than at the low elevations. By 
October biomass in three of the four treatment combinations had
19
Table 1. Average harvested aboveground biomass in 1986 in grams dry 
weight per square meter
Island Elevation
Biomass + 1 standard 
(g/m2)
error
24 August 1 October
Long high 554 + 100 386 ± 30
low 289 + 71 727 + 167
Mud Queen high 545 ± 47 326 ± 41
low 205 ± 45 160 + 14
decreased, while that at the low-elevation sites at Long Island had 
increased substantially.
In 1987, harvested aboveground biomass ranged from 0 to 904.8 
g/m2 . The average biomass for each island-by-elevation combination is 
plotted in Fig. 3. To enhance legibility, we have omitted error bars 
from this figure. Multivariate repeated measure analysis revealed 
that there were significant differences in aboveground biomass between 
the islands and among sampling dates (Table 2). The difference 
between elevations was not significant. Orthogonal polynomial 
contrasts on date showed that both linear and quadratic trends were 
significant (Table 2). This indicates that the temporal trends shown 
in Fig. 3 are significant.
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Fig, 3. Temporal trends in aboveground harvested biomass as a 
function of island and elevation, 1987.
Nondestructive method. In 1986, biomass predicted for each of 
the tagged plots ranged from 25.8 to 956.0 g/mz. Mean values for each 
island-by-elevation combination are plotted in Fig. 4. Multivariate 
repeated measure analysis showed no interaction between the repeated 
variable (date) and the other two treatments (island and elevation). 
Differences between dates were significant (£ - .07), as was the 
difference between islands (£ - .08, Table 3), Orthogonal polynomial 
contrasts on date showed that both linear and quadratic trends were 
significant (Table 3),
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Table 2. Multivariate repeated measure analysis for harvested
aboveground biomass, 1987.
Tests for equal profiles:
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Fig. 4. Temporal trends in aboveground biomass estimated from
multiple regressions as a function of island and elevation.
In 1987, after one plot at the high elevation on Mud Queen 
Island was removed because the predictors for this plot were outside 
the range of the prediction equation, predicted biomass ranged from 0 
to 1875.0 g/m2. Mean values for each island-by-elevation combination
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Table 3. Multivariate repeated measure analysis for predicted
aboveground biomass, 1986.
Tests for equal profiles:
Source d.f. Mean square
Island 
Elevation
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Date x elevation 









Orthogonal polynomial contrasts for date: 
























are plotted in Fig. 4. Multivariate repeated measure analysis showed 
no interactions between sampling date and the two treatments (Table 
4). The difference between islands was significant as was the 
difference between elevations; the Long Island and high-elevation 
sites had the higher biomasses.
A paired t-test on the 1987 data of average harvested and 
average predicted aboveground biomass of Sagittaria species showed no 
significant difference (£ < .05).
Longevity
Each year the average longevity for each species was calculated 
for each location (elevation on island). We performed an analysis of 
variance to test the significance of differences between years, 
islands, and elevations. Sagittaria latifolia showed significant 
differences between years and between elevations in 1987. In 1986 the 
average longevity of S. latifolia leaves was 25 days, whereas in 1987 
longevity at the highest elevations was 26 days and at the lowest 
elevations 29 days. In 1986 not enough S. latifolia leaves were 
measured at the low elevations of Mud Queen Island (less than 10 
leaves) to be used in the analysis. Sagittaria platyphylla showed no 
significant differences for any of the treatments, and had an average 
longevity of 25 days for both years, A short-term greenhouse study, 
with plants from the same population, showed a slightly higher (two 
days) average longevity of S .latifolia in the greenhouse and no 
difference between greenhouse and field in average longevity for S. 
platyphylla.
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Table 4. Multivariate repeated measure analysis for predicted
aboveground biomass, 1987.
Tests for equal profiles:
Source d.f. Mean square F P
Island 1 80349 12.43 .0097
Elevation 1 46660 7 .22 .0313
Island x elevation 1 29180 4, 51 .0713
Error 7 6467
Tests for parallel and level profiles:
Milk's
Source d.f. Criterion F P
Date 6,2 .0504 6.28 .1437
Date x island 6,2 .0792 3.87 .2194
Date x elevation 6,2 .0732 4.22 .2038
Date x is. x elev. 6,2 .0520 6 .08 . 1480
Belowground standing cron
Belowground standing crop ranged from 130.3 to 1490, 7 g/m2 in
1986 and from 335.8 to 1762.9 g/mz in 1987 (Fig. 5). Multivariate 
repeated measure analysis showed that both the two-way interaction of 
date and elevation, and the three-way interaction of date, island, and 
elevation were significant in 1986 (Table 5). The significance of
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these interactions is explained by the crossing of the lines of all 
four treatment combinations at different times in the growing season 
(Fig. 5). These interactions make interpreting the main effects 
impossible. In 1987 both island and elevation were significant (Table 
6), and belowground standing crop was higher on Long Island and at the 
higher elevations.
Aboveground production
Table 7 shows the average aboveground production values for each 
island-by-elevation combination for both years.The destructive 
technique used mean turnover rate estimates for each island-by- 
elevation combination of 7.5-8.8 for S. latifolia and of 8,6 for S. 
platyphylla. In 1986 the destructive technique yielded estimates of 
aboveground production approximately two to three times larger than 
the estimates obtained using the nondestructive technique; in 1987 the 
estimates obtained with the two methods were more similar. In both 
years the nondestructive technique tended to produce more conservative 
results. The destructive technique probably overestimates production 
because it uses end-of-season biomass instead of an average biomass 
for the whole growing season. Since aboveground biomass increased 
during most of the growing season, end-of-season biomass tended to be 
larger than the average biomass. Also, the estimate of 218 days in 
the growing season is a maximum estimate. The low estimate obtained 
in 1987 with the destructive technique for the high-elevation plots on 
Mud Queen Island was attributable to the sharp decline in biomass at 
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Temporal trends in tuber biomass and belowground standing 
crop as a function of island and elevation.
Belowground production
Tests for differences between regression lines in 1986 (see 
Kleinbaum et al., 1988) revealed that belowground production
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Table 5, Multivariate repeated measure analysis for belowground 
standing crop, 1986,
Tests for equal profiles: 
Source d.f. Mean square F P
Island 1 67781 3.11 .1212
Elevation 1 23652 1.08 .3323
Island x elevation 1 404020 18.53 . 0035
Error 7 





Cri terion F P
Date 4,4 .0104 95.05 .0003
Date x island 4,4 . 2095 3.77 . 1133
Date x elevation 4,4 .0481 19. 76 .0067
Date x is. x elev. 4,4 .0558 16.91 .0090
rales differed for all treatment combinations, whereas in 1987 
production rates were the same for all treatments. This might be an 
artifact from the reduced number of samples in 1987. In 1986, 
belowground production rates raneed from 1.40 to 5.50 g/m2/day (Table 
8 ) .
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Table 6, Analysis of variance for belowground standing crop in 1987.
Source d.f. Mean Square F P
Island 1 217929 4 .87 .0583
Elevat ion 1 175328 3.92 .0830
Island x elevation 1 21137 .47 .5112
Error a 8 49721
Date 1 74129 . 38 . 5536
Date x island 1 250 .00 .9722
Date x elevation 1 42308 .22 .6529
Date x is. x elev. 1 25994 .13 .7238
Error b 8 193968
Belowground production seemed to be greater at the lov-elevatIon 
sites. In 1987 production rates for the different treatment 
combinations were not significantly different. We therefore 
calculated one production rate for all sites, 1.07 + 0,83 g/mVday, 
which is equivalent to 233 g/m2/yr. The standing crop at the beginning 
of the growing season in 1987 was larger than in 1986, but the 
standing crop at the end of the growing season in both years was 
similar, resulting in lower belowground production estimates in 1987 
than in 1986.
Table 7. Turnover rate, end-of-season biomass, and aboveground production of S. latifolia 
and S. platyphylla.
Tu mover Harvested Aboveground
Year Island Eleva- rate end-of-season production
tion biomass + 1 std. error
(#/yr) (g/m2) (g/m2/yr)
S. lat. S. olat. S. lat. S. Dlat. destr. nondestr.
1986 Long Is. high B . 8 8.6 350.6 35.9 3394+ 126 1846+ 309
low 8.8 8.6 31.5 289.8 2770+ 577 857+ 9
Mud Q. Is. high 8.8 8.6 324 .2 1.8 2868+ 168 874+ 28
low a 8.6 0 160.2 1378+ 47 465+ 27
1987 Long Is. high 8.3 a 487.5 0 4056+ 504 3809+ 230
low 7.5 8.6 398.4 7.3 3051+ 361 2486+ 117
Mud Q. Is. high 8.3 8.6 93 .3 .1 775± 147 1391+ 119
low 7.5 8.6 184.6 38.7 1717+ 123 933+ 276
a = Absent. U>O
Table 8. Tuber biomass, belowground production rate from regression, and estimated 
belowground production for Sagittaria-dominated marshes.
Tuber Production rate Production
Year Island Elevation biomass, + 1 std. error ± 1 std . error
May (g/m2) (g/m2/day) (g/m2/yr)
1986 Long high 17.7 1.40 + .55 305 + 120
low 29.9 5.50 ± .97 1199 ± 211
Mud Queen high 105.2 1.80 + . 55 392 ± 120
low 4.2 2*96 + .49 645 ± 107
1987 Long high 53 .5 1.10 ± 2.98* 233 ± 181
low 87.6 2.22 + .26* 233 + 181
Mud Queen high 69.2 .97 + 1.70* 233 + 181
low 32.7 .00 + .55* 233 + 181
*These slopes were not significantly different from one another. Therefore, one
regression was fitted for all 1987 data points with a slope of 1.07 + 0.83
2g/m /day.
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Table 9, Total primary production In grams per square meter.
Year Island Eleva- Total production
tion --------------------------------------
destructive nondestructive
1986 Long high 3681 + 175 2151 + 334
low 3939 + 615 2056 + 211
Mud Queen high 3155 + 216 1267 + 123
low 2018 + 117 1111 + 110
1987 Long high 4236 + 536 4070 + 293
low 3196 + 405 2650 + 218
Mud Queen high 939 + 238 1536 + 221
1 ow 1918 + 219 1134 + 330
Total primary production
Table 9 shows the average production values for each island-by- 
elevation combination for both years. These values are the sum of the 
aboveground production (Table 7) and the belowground production (Table 
8) minus the tuber biomass present in May, Tuber biomass was not 
subtracted from the 1986 nondestructive production values because the 
aboveground production estimate covered only the growing season from 
the beginning of July. Total primary production was greater on Long 





Aboveground biomass. Nondestructive methods for estimating 
aboveground biomass have traditionally relied on predicting the mean 
biomass of a unit (leaf, stem, culm, or plant) and then multiplying 
this prediction by the number of units per square meter to estimate
biomass on a per-unit•area basis (Smith and Kadlec, 1985; Giroux and
Bedard, 1988a; Wohlgemuth, 1988; Morris and Haskin, 1989), Some of
these studies (Wohlgemuth, 1988; Morris and Haskin, 1989) used
different prediction equations for different periods in the growing 
season because prediction equations were found to change significantly 
during the growing season. A source of error In this traditional 
approach is its failure to include the interaction between mean 
biomass and density In the estimate.
The interaction of average plant biomass and density is well 
known as the -3/2 power thinning law (Harper 1977), This interaction, 
a significant source of variation in our multiple regression 
equations, accounted for 13% of the variation in the natural logarithm 
of the biomass of S. latifolia and 22% of the variation in the biomass 
of S. platyphylla. Our simple regressions probably did not accurately 
reflect biomass because of the inability to model this interaction, 
even though the models explained 74-80% of the variation in leaf 
biomass. Multiple regressions can include this interaction as well as 
other sources of variation, such as number of flowers and sampling 
date .
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Aboveground production. Nondestructive methods of estimating 
aboveground production are more reliable than destructive methods in 
tidal freshwater marshes because (1) spatial variation between 
sampling dates is eliminated, (2) impact on the vegetation is minimal, 
(3) high decomposition rates and export of material do not affect the 
estimate, and (A) turnover of plants and/or plant parts can be 
incorporated in the estimate.
The primary reason for not using nondestructive methods is that 
they are very labor-intensive in the field, which makes them generally 
more expensive than destructive methods. Destructive methods are more 
labor-intensive in the laboratory, but less time is required in the 
field. VJe therefore advise evaluating the following characteristics 
of the study site before deciding which method to use:
1. spatial variability
2. turnover rate of dominant plants and/or plant parts
3. decomposition rate
A. export/import of plant material
5. relative cost of field versus laboratory days
If spatial variability is relatively low, a combination of measuring 
turnover nondestructively and measuring average aboveground biomass 
from harvested plots should lead to a reasonable estimate of 
aboveground production,
vpripbinty In the
Aboveground biomass. Aboveground biomass peaked in August on 
most plots, but seemed to peak later in the growing season on the
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high-elevation plots on Long Island. This observation was supported 
by both harvested and predicted aboveground biomass, except for that 
from the plots harvested In 1986, Aboveground biomass from these 
plots revealed that the low-elevation plots of Long Island peaked 
later in the growing season. This inconsistency is probably due to 
the high variability in the study area, possibly caused by small 
differences in microtopography, locally heavy herbivory around nutria 
feeding platforms, and small differences in sediment composition.
Aboveground production. Differences in aboveground production 
estimates between the two methods were greater in 1986 than in 1987.
In 1986 we could not start measurements for the nondestructive method 
until the first week of July. As a result, the aboveground production 
estimates were significantly reduced. In 1987 measurements for the 
nondestructive method began near the beginning of the growing season, 
and the estimates from both methods were similar.
Aboveground biomass and production were larger on Long Island 
than on Hud Queen Island and within each island were generally larger 
at the higher-elevation sites. The differences might be explained by 
elevation differences among locations. Mud Queen Island is 
approximately 20 cm lower than Long Island, while the difference 
between high and low elevations on each island is less than 10 cm.
When aboveground production is plotted against relative elevation, the 
response is positive and linear (Fig. 6). Elsewhere, productivity of 
S. latifolia has been negatively correlated with slow-flowing water, 
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Fig. 6. Aboveground production as a function of relative elevation.
These findings indicate that flooding stress is detrimental to 
aboveground production of SagiCtaria species.
Belowground production. Belowground production seems to be more 
related to dominant species than to elevation and flooding stress. In 
1986, S. platyphylla dominated the lov-elevation sites, and 
belowground production was high on these sites. In 1987, S. lad folia 
dominated most of the area, and belowground production was not 
significantly different in any of the four treatment combinations.
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However, the absence of significant differences might also be the 
result of the reduced number of samples in 1987. Because we sampled 
only In May and October of 1987, we might have missed the highs and 
lows of the
belowground standing crop, and the production values for this year may 
therefore be less informative. Total production follows the same 
trends as aboveground production because of the relatively small 
differences among locations and years in belowground production.
uompar-Laans with other studies
Peak aboveground biomass values (up to 904 g/m2) are mostly 
within the range of values reported for Sagittaria species (Table 10). 
Belowground standing crop values are larger than the values reported 
by Clark and Clay (1985) for S. latifolia, which ranged from 167 to 
234 g/m2. Giroux and Bedard (1988b) found similar seasonal patterns 
for Sagittaria spp. in the St. Lawrence Estuary: belowground biomass 
decreased early in the growing season and increased the rest of the 
growing season, and aboveground biomass peaked in August. Their 
biomass values, ranging from 21 to 103 g/m2, are much smaller, however, 
than those reported here.
Total primary production values measured in this study are 
higher than previously reported values for S. latifolia (Table 10).
This discrepancy may be explained by the comment of Whigham et al. 
(1978) that "undoubtedly all estimates of primary production are low 
because they do not include data on growing season mortality of plants
Table 10. Selected aboveground biomass, belowground standing crop, and production values 
from the literature.
Measured Area Marsh type Value Source
AG biomass^ Louisiana Gulf Coast S. latifolia 262-905 this study.
Louisiana Gulf Coast S. latifolia 106-172 Fuller et al., 1985.
middle Atlantic Coast S. latifolia 214-649 Whigham et al., 1978.
upper Mississippi River S. latifolia 431-683 Clark and Clay, 1985.
upper Mississippi River S. latifolia 706-999 Eckblad et al., 1977.
Louisiana Gulf Coast s. platyphylla 247-295 this study.
Louisiana Gulf Coast S. falcata 98-421 White and Simmons, 1988.
Louisiana Gulf Coast S. falcata 648 Hopkinson et al 1978.
pBG st. crop Louisiana Gulf Coast S. latifolia 774-1736 this study.
upper Mississippi River S. latifolia 164-234 Clark and Clay, 1985.
St. Lawrence Estuary S. latifolia 5-516 3Giroux and Bedard 1988b .
Louisiana Gulf Coast S. platyphylla 648-1491 this study.
(continued) KjJCD
Table 10. Continued
Measured Area Marsh type Value Source
4AG prod. Louisiana Gulf Coast S. latifolia 834-4715 this study.
middle Atlantic Coast S. latifolia 1,071 Whigham et al., 1978.
Louisiana Gulf Coast S. platyphylla 291-874 this study.
Louisiana Gulf Coast S. falcata 1, 113-2,364 Hopkinson et al., 1978.
Louisiana Gulf Coast S. falcata 900-1,479 White and Simmons, 1988.
1AG biomass = aboveground biomass in grams dry weight per square meter.
2 BG st, crop = belowground standing crop in grams dry weight per square meter.
3 Converted to dry weight following Giroux and Bedard, 1988a.
4 AG prod. = aboveground production in grams dry weight per square meter per year.
0̂
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and plant parts, herbivore consumption, and belowground production."
Our estimates include all of these, except for herbivory.
Our values are in the same range as those for aboveground 
production of S. falcata on the Louisiana Gulf Coast and slightly 
higher than those for total production of freshwater tidal wetlands in 
the middle Atlantic coastal region (Table 10). These findings are 
consistent with Turner's (1976) observation that production of 
Spartina alterniflora is Inversely related to latitude and reflects 
the longer growing season of southern latitudes.
CONCLUSIONS
Aboveground biomass of tidal freshwater marshes dominated by 
either S. latifolia or S. platyphylla is best estimated with multiple 
regressions individually tailored for each species. We found the 
following independent variables significant in "best fit" regressions: 
average leaf-blade length, density of leaves, and the interaction 
between average leaf-blade length and leaf density for both species; 
density of flowering stalks for S. platyphylla; and number of days 
from the first of January for S. latifolia.
Aboveground production is best measured with a 
nondestructive method that estimates total aboveground production as 
the sum of the aboveground production for each species within each 
sampling interval. The production for each species within a sampling 
interval should be defined as the biomass present at the end of the
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sampling interval minus the biomass surviving from the beginning of 
the sampling interval (if this surviving biomass has been accounted 
for in the previous interval). However, a destructive method that 
estimates total aboveground production for each species as the product 
of average aboveground biomass and the turnover rate will yield 
similar estimates. End-of-season biomass underestimates aboveground 
production by as much as tenfold in these marshes.
Aboveground production is positively correlated with 
elevation, whereas belowground production seems to be more related to 
dominant species.
CHAPTER III
THE EFFECT OF VERTEBRATE HERBIVORES ON THE PRODUCTION OF 





Grazing by vertebrate herbivores has been shown to 
significantly influence wetland plant communities. Weller (1978) 
Identified Ondatra zibethicus (muskrat) as one of the most important 
factors structuring freshwater wetlands of the midwestern United 
States. In coastal marshes, grazing has been shown to retard or even 
reverse succession (Bakker, 1978; Jefferies et al., 1979; Basset,
1980; Bakker and Ruyter, 1981; Smith, 1983; Bakker, 1985; Joenje,
1985) . Plant biomass is generally greater in ungrazed areas (Patton 
and Frame, 1981; Chabreck et al., 1983; Fuller et al., 1985; Smith and 
Kadlec 1985).
Herbivory was postulated to be have caused large areas of 
Sagittaria marsh in the Atchafalaya delta to revert to open mud flats 
in the early 1980s (Fuller et al., 1985). Both furbearers and 
waterfowl are common herbivores in the area. Two furbearing 
herbivores, Hyocastor coypus (nutria) and Ondatra zibethicus colonized 
the delta within two years after initial land formation (Harris and 
Uebert, 1962). Many species of ducks spend the winter in the 
Louisiana coastal marshes, and most of them are herbivorous 
(Palmisano, 1972, Fuller et al., 1988).
Fuller et al. (1985) showed that the vegetation within 
exclosures in the Atchafalaya delta had significantly higher 
aboveground biomass than that in unfenced controls. Since these 
exclosures prohibited grazing by both furbearers and waterfowl, their 
relative importance could not be determined. Tuber biomass in a
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Sagittaria marsh In the Mississippi delta was significantly reduced in 
areas grazed by large herbivores (furbearers and waterfowl), compared 
to ungrazed areas. Tuber biomass in areas grazed by only one group of 
large herbivores (furbearers or waterfowl) was similar, though 
slightly higher, to that in plots grazed by both groups, indicating 
that the effects of furbearer and waterfowl grazing are additive 
(Chabreck et al., 1983).
Very little is known about the effect of these herbivores on 
the vegetation of the Wax Lake delta, the smaller of two deltas in the 
Atchafalaya Bay. In 1986 Sagittaria latifolia (broad-leaf arrowhead) 
dominated 42% of the emergent vegetation of this delta, and Sagittaria 
platyphylla (delta duckpotato) another 35%. The remaining emergent 
vegetation consisted of a Salix nigra (black willow) association on 
the higher elevations of the upstream island heads and a mixed marsh 
association at intermediate elevations downstream from the willows.
The Sagittaria marsh occupied the intertidal flats; S, latifolia 
dominated the higher elevations, and S. platyphylla the lower 
elevations (Evers et al., 1988). This distribution of vegetation is 
similar to the distribution that existed in the Atchafalaya delta 
(Johnson et al., 1985) before the decline of the Sagittaria marsh 
attributed to herbivory (Fuller et al., 1985).
The objectives of this study were (1) to determine whether 
grazing affects above- and belowground biomass and production of S. 
latifolia and S. platyphylla, and (2) to quantify the relative 





To measure the effect of grazing by waterfowl and furbearers 
on the above- and belowground biomass and production of S. latifolia 
and S. platyphylla, we followed Chabreck et al. (1983) in using four
grazing treatments (Fig. 7):
1- Control (C), The control was grazed by both groups and was 2000
m2 (40 x 50 m), marked by four corner posts.
2. Waterfowl grazed (W). This treatment was grazed by waterfowl only
and was 2000 m2, fenced to 1 m above the sediment with vinyl - 
coated poultry wire buried 20 cm below the sediment. The 
relatively large size of this treatment allowed waterfowl to land 
inside the exclosure, while the buried fence obstructed entry by 
furbearers. Aerial surveys showed ducks grazing in these 
exclosures, and no signs of furbearer grazing, such as feeding 
platforms, chopped off leaves, and scats, were found in these 
exclosures. In 1987, three nutria were trapped inside one of 
these exclosures after holes under the fence were detected and 
repaired. Grazing occurred for a maximum of three weeks and was 
considered insignificant.
3. Furbearer grazed (F). This treatment was grazed by furbearers
only and was 4 m2 (2 x 2 m), fenced from 20 cm to 1 m above the
sediment surface. The relatively small size of this treatment 
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7. Grazing treatments used in this study.
raised fence permitted entry by furbearers. Aerial surveys never 
revealed ducks grazing in these exclosures. Signs of grazing by 
nutria included grazed leaves and scats.
Hot grazed (N). This treatment was not grazed by large herbivores 
and was 4 m2, fenced to 1 m above the sediment with poultry wire 
buried 20 cm below the sediment. During this study no signs of 
vertebrate grazing were observed in these exclosures.
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The exclosure sites chosen on two islands (Long and Mud Queen 
islands) in the Wax Lake delta had equally abundant Sagittaria 
associations in both the waterfowl-grazed (W) and the control (C) 
treatments. For the furbearer-grazed (F) and the ungrazed (N) 
treatments, duplicate exclosures were built so that each type of 
treatment was applied to each plant association on both islands (Fig. 
8). All exclosures were built in February 1986,
Aboveground biomass and production
At the beginning of July 1986, two 0.25-m2 permanent plots were 
established in each grazing treatment in the S. latifolia association 
and in the S. platyphylla association on both islands. In 1987 the 
permanent plots in the furbearer-grazed (F) and ungrazed treatments 
were dropped because the smallness of these exclosures had resulted in 
excessive sampling in the previous year (see below). Three new 
permanent plots (0.25 m2) were established in both the control and the 
waterfowl-grazed (W) treatments in each association. When we 
established the permanent plots in May 1987, we expected the S. 
platyphylla to dominate the lower elevations as in the previous year. 
On Long Island, however, S. latifolia became dominant instead of S. 
platyphylla in many of the plots. In each permanent plot, we took 
nondestructive measurements throughout the growing season as described 
in Chapter II to estimate aboveground biomass and production. These 
nondestructive measurements included leaf density, leaf-blade lengths, 
leaf turnover rate, flower density, and presence of other species,
End-of-season biomass was harvested in five random 0.25-m2 plots
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Fig. 8. Location of the study site and experimental layout. C -
Control, W - Waterfowl grazed, F - Furbearer grazed, and N 
- Not grazed.
49
of both plant associations within each grazing treatment on both 
islands in October of both years. In addition, in 1987 three 0,2S-mz 
plots were harvested seven times during the growing season, at random 
locations along a transect, in both plant associations within the 
control and waterfowl-grazed (W) treatments, on both islands, at the 
same dates as the nondestructive measurements were made.
Belowground standing crop and production
Three samples were taken from each grazing treatment in both 
Sagittaria associations on both Islands on 21 May and 1 October 1986, 
and on 21 May and 28 October 1987. In 1986 we took extra samples in 
the waterfowl - grazed (W) and control treatments on 2 July, 15 August, 
and 18 November, Each sample consisted of four sediment cores (7.6 cm 
in diameter) taken in a tight pattern to a depth of 40 cm. The 
largest part of the belowground biomass of most marsh species, 
including 5. latifolia (Clay, 1983, cited in Clark and Clay, 1985) and 
S. platyphylla (Chabreck et al., 1983), is in the top 40 cm of the 
substrate (Gallagher and Pluntley, 1979). These samples were processed 
as described in Chapter II to measure belowground standing crop and 
production.
Elevation
We measured relative elevations of the treatment areas in 
October 1986 with an EAGL-2 electronic level (AGL Corp.). In the 
control and waterfowl-grazed (W) treatments, elevations were measured 
in a grid of points equally spaced at 10-meter intervals. We
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calculated the average elevations of the plant associations on both 
Islands and then adjusted with respect to the mean elevation of the 5. 
latifolia association on Long Island, which was set to 0 cm. On Mud 
Queen Island the S. latifolia association had an average relative 
elevation of -26 cm. The S. platyphylla association had an average 
relative elevation of *10 cm on Long Island and -32 cm on Mud Queen 
Island, In the statistical analyses, we used these relative 
elevations as a second treatment (instead of blocking on island and 
using dominant species as a treatment) because dominant species 
changed in some plots during the growing season and analysis of the 
data from the control plots revealed that elevation significantly 
affects primary production of both Sagittaria species (Chapter 11).
Statistical analyses
Multivariate repeated measure analysis (see Johnson and Wichern, 
1988) was used for the nondestructive and destructive data on 
aboveground biomass. This method was used because data collected on 
sampling dates closer together were assumed to be more highly 
correlated than data collected on sampling dates farther apart.
Although this was also true for the belowground standing crop data, 
multivariate repeated measure analysis could not be used because of 
unequal sampling dates. We sampled the waterfowl-grazed (W) and 
control (C) treatments on five dates in 1986, whereas the furbearer- 
grazed (F) and ungrazed (N) treatments were sampled only twice in this 
year. We therefore used analysis of variance with a split-plot design 
(split on date). Since the 1987 data on belowground standing crop
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encompassed only two sampling dates, correlations between sampling 
dates were equal, and we also used analysis of variance In a split- 
plot design (split on date) for these data.
We analyzed aboveground production with analysis of variance in 
a completely randomized design (Steel and Torrie, 1980). We detected 
differences in belowground production as significant interactions of 
the main effects with date in the analysis of variance of the 
belowground standing crop. The significant interactions we found were 
then tested for significant differences in linear trends with a test 
for different slopes (see Kleinbaum et al., 1988).
When elevation was significant, orthogonal polynomial contrasts 
were used to test for linear, quadratic, and cubic trends.
RESULTS 
Aboveground biomass
Multivariate repeated measure analysis of the 1986 estimated 
Sagittaria biomass (Table 11a) revealed significant interactions 
between date, elevation, and exclosure type. No clear pattern can be 
observed, however (Fig, 9). For the 1987 data, multivariate repeated 
measure analysis (Table lib) revealed no significant Interactions with 
date. Elevation was a significant factor in 1987. Orthogonal 
polynomial contrasts revealed a significant linear relationship
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Table 11a. Multivariate repeated measure analysis for predicted
aboveground Sagittaria biomass, 1986. All four grazing 
treatments were included in this analysis.
Tests for equal profil es :
Source d. f. Mean square F P
Elevation 3,16 21824 8.79 .0013
Graz ing 3,16 2251 .91 .4612
Elev. x grazing 9, 16 2287 . 92 . 5336
Tests for parallel and level profiles:
Source d.f. Uilk's F P
criterion
Date 4,12 .5217 2 . 75 .0780
Date x elevation 12,32 .2100 2.15 .0422
Date x grazing 12,32 .2539 1.81 .0886
Date x elev. x gr. 36 ,47 .0469 1 .64 .0563
between biomass and elevation in 1987; the larger biomasses occurred 
at the higher elevations.
The plots harvested tri-weekly in 1987 were analyzed both for 
differences in Sagittaria biomass and for differences in total biomass 
(Tables 12a and b). Multivariate repeated measure analysis with 
Sagittaria biomass as the dependent variable revealed significant 
interactions between the main effects and date (Table 12a).
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Table lib. Multivariate repeated measure analysis for predicted
aboveground Sagittaria biomass, 1987. Only the control 
and waterfowl-grazed treatments were sampled.
Tests for equal profiles: 
Source d.f. Mean square F P
Elevation 3,14 44454 4 . 56 .0199
Grazing 1,14 9348 .96 . 3443
Elev. x grazing 3.14 25655 2.63 .0911
Orthogonal polynomial contrasts for elevation: 
Source d.f. Mean square F P
Linear 1 125270 9.95 .0022
Quadratic 1 10071 . 80 . 3733
Cubic 1 40350 3.21 .0766






. 1408 9 . 15 .0021
Date x elevatior 18,26 . 1625 1. 30 .2658
Date x grazing 6,9 .3647 2.61 ,0946
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Fig. 9. Tatporal trends in estinafced aboveground biomass of Sagittaria species as a 
function of elevation and grazing treatments.
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Table 12a. Multivariate repeated measure analysis for harvested
aboveground Sagittaria biomass, 1987. Only control and 
waterfowl - grazed treatments were sampled.
Tests for equal profll es :
Source d.f. Mean square F P
Elevat ion 3,12 9035 8.62 .0025
Grazing 3,12 1 .00 .9739
Elev. x grazing 9,12 1750 1.67 .2262
Tests for parallel and leve 1 profiles:
Source d.f. Wilk’s F P
criterion
Date 5 , 8 .0612 24 . 53 .0001
Date x elevation 15,22 .0730 2 . 37 .0314
Date x grazing 5,8 .0864 16.93 .0005
Date x elev. x gr. 15,22 .0426 3,20 .0434
These interactions occur because the intermediate elevations have 
greater Sagittaria biomass in the waterfowl - grazed (W) areas than in 
the control areas early in the growing season (Fig. 10). Later in the 
season, this relationship is reversed. In contrast, neither the 
highest nor the lowest elevations showed any significant difference 
between the treatments (Fig. 10).
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Table 12b, Multivariate repeated measure analysis for total harvested 
aboveground biomass, 1987. Only control and waterfowl - 
grazed treatments were sampled.
Tests for equal profiles:
Source d.f. Mean square F P
Elevation 3 ,12 63035 62.85 . 0001
Grazing 3 ,12 39677 39 . 56 .0001
Elev. x grazing 9,12 30935 30.85 .0001
Tests for parallel and level profiles:
Source d.f. Wilk's F p
criterion
Date 5,8 .0519 29,23 .0001
Date x elevation 15,22 .0965 1.43 .1952
Date x grazing 5,8 .4310 2 .11 .1659
Date x elev. x gr. 15,20 .0445 4. 58 .0010
Multivariate repeated measure analysis of total aboveground biomass
revealed a significant interaction of date wi th grazing and elevation
(Table 12b). This interact ion seems to be caused mostly by the end-of-
season data (Fig. 10) , and we therefore feel confident about the
interpretation of the main effects. Elevation, exclosure type, and
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Fig. 11. Yearly average aboveground biomass and belowground standing 
crop as a function of elevation and grazing treatment.
Error bars indicate one standard error.
greater biomass in the waterfowl - grazed (W) plots than in the fully 
grazed control, while there was no difference at the lowest elevation 
(Figs. 10 and 11).
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Aboveground production
Aboveground production was estimated by the two methods 
described in Chapter II. The destructive method used end-of- season 
biomass multiplied by turnover rate to estimate production for each 
species. For species other than Sagittaria spp., we assumed a 
turnover rate of once per year (this is the same as assuming that the 
end-of-season biomass is equal to the aboveground production for these 
species), Tables 13a and b list the average data from each treatment 
by elevation combination for this production estimate. Analysis of 
variance of total production by all species revealed significant 
differences among grazing treatments in 1986 and significant 
differences among elevations in both years (Table 14). In 1986 there 
was also a significant interaction between elevation and grazing 
treatment. This Interaction resulted from small differences between 
grazing treatments at the lowest elevation and large but inconsistent 
differences at the higher elevations (Fig. 12).
Aboveground production of Sagittaria was estimated for each 
permanent plot and tested for differences with an analysis of 
variance. Production was not significantly different among grazing 
treatments for either year, but elevations were significantly 
different (Tables 14a and b). In 1986, the relationship between 
elevation and production was linear, and the highest aboveground 
production occurred at the highest elevation. In 1987, a significant 
interaction (£ - .06) occurred between elevation and grazing treatment 
(Table 14b). The average production values explain this interaction 
(Fig. 12). In the control areas, the familiar linear relationship
Table 13a. End-of-season harvested biomass (in grains dry weight per square meter) and 
turnover rate for both Saqittaria species (number of times per year), 1986. 
Only significantly different values are shown for turnover rates.
Grazing treatment
Not Waterfowl Furbearer Control
grazed grazed grazed
Species 0 ■-10 -26 -32 0 -10 ■-26 -32 0 -10 -26 -32 0 -10 -26 -32
S. latifolia 410 172 338 94 223 412 387 23 411 351 32 324
S. Dlatyphylla 117 1 161 338 1 142 115 1 125 36 290 2 160
Leersia orvzoides 52 57 17
Althernanthera
Dhiloxeroides 226 70 59
Naias cruadaluoensis 10 2 1 2 56
Others 1
Total biomass 462 516 339 226 349 397 413 151 387 138 413 126 403 321 328 216
Turnover rates:
S. latifolia 9.4 9. 4 9. 4 9. 4 9. 4 9.4 9. 4 9. 4 9. 4 9. 4 9.4 9. 4 9. 4 9. 4 9.4 9.4
S. Dlatvohvlla 9.2 7. 9 9. 2 7. 9 8. 3 7.8 8.3 7.8 10 9 9.8 10 9 9.8 8. 9 8. 6 8.9 8.6 O'c
Table 13b. End-of-season harvested biomass (in grams dry weight per square meter) and 
turnover rate for both Sagittaria species (number of times per year), 1987. 










0 -10 -26 -32 0 -10 -26 -32 0 -10 -26 -32 0 -10 -26 -32
S. latifolia 463 274 342 255 318 388 294 2 266 383 235 288 462 466 306 72
s. platyphylla 3 8 57 9 1 60 3 20
Leersia oryzoides 52 57 17
Althernanthera
Dhiloxeroides 40 534 9 5 5 17 32
Naias auadaluoensis 59
Others 1 274 11 1 64
Total biomass 621 812 356 331 623 397 306 62 272 389 238 308 683 498 306 194
Turnover rates:
s. latifolia 7.9 7. 9 7. 9 7.9 7.9 7. 9 7. 9 7. 9 7. 9 7. 9 7.9 7.9 7.9 7. 9 7.9 7.9
S. Dlatvphvlla 7.5 7. 5 7.5 7. 5 7.5 7. 5 7.5 8.6 8.6 8.6 8.6 8. 6 8.6 8. 6 8* 6 8. 6
O'
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Table 14a. Degrees of freedom, F-values, and significance levels
from the analysis of variance for aboveground production 




d. f F p d. f . F p
Elevat ion 3,15 16.23 .0001 3,64 11.01 .0001
Grazing 3,15 .65 .5933 3 , 64 3.75 .0152
Elev. x Gr 9.15 .46 .8789 9,64 4.07 .0004
Orthogonal polynomial contrasts for elevation:
Linear 1 36.27 .0001
Quadrat ic 1 7.40 .0158
Cubic 1 8.79 .0096
exists between elevation and production, but in the waterfowl - grazed 
(W) plots, this relationship is changed by a much lower production 
than expected at the highest elevation. On this highest elevation, 
other species, especially Leersia oryzoides, invaded and competed with 
the Sagittaria species,
Belowground standing crop
In 1986, analysis of variance of belowground standing crop 
revealed no significant effect of grazing, but did reveal a
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Table 14b. Degrees of freedom, F-values, and significance levels
from the analysis of variance for aboveground production 




d, f . F p d . f . F P
Elevation 3, 14 5.34 .0116 3,65 6.52 .0006
Grazing1 1.1* 1.84 .1964 3,65 2.26 .0893
Elev. x gr 3,14 3.11 .0604 9,65 1.58 .1397
Orthogonal polynomial contrasts for elevation:
Linear 1 15 . 91 .0013 1 17.86 .0007
Quadratic 1 .01 .9047 1 1.31 .0898
Cubic 1 .04 .8476 1 1. 58 .1397
10nly control and waterfowl-grazed treatments were sampled 
for the nondestructive method.
significant interaction effect of date and elevation (Table 15a).
This was due to the erratic changes in belowground standing crop that 
occurred at the highest elevation, while the lower elevations showed 
similar patterns of decreasing belowground standing crop at the 
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Fig. 12. Average aboveground production as calculated with 
destructive and nondestructive methods. Error bars 
indicate one standard error.
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Table 15a. Analysis of variance for belowground standing crop, 1986.
Source d.f. Mean square F P
Elevation 3 178319 3.78 .0198
Grazing 3 195742 .42 . 7432
Elev. x grazing 9 70818 1.50 .1895
Error a 32 47139
Date 4 1941672 53.00 .0001
Date x elevation 12 118775 3 , 24 .0008
Date x grazing 6 37464 1.02 .4172
Date x elev. x gr. 18 36354 .99 .4776
Error b 76 36632
remainder of the growing season (Fig. 13). The erratic changes at the
highest elevation seem to be primarily related to the sharp dec rease
in belowground standing crop in the waterfowl-grazed (W) area in 
September (Fig, 13), when aboveground biomass also decreased rapidly 
in this area (Fig. 10). The cause of these decreases is unknown.
The analysis of variance for the 1987 belowground standing crop 
revealed a significant interaction between date and grazing treatment 
(Table 15b). In the ungrazed treatments, belowground standing crop 
decreased during the growing season, whereas in the grazed plots 
standing crop increased during the growing season. Regression 
analysis (see Kleinbaum et al. 1988), however, revealed no significant
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Table 15b. Analysis of variance for belowground standing crop, 1987,
Source d.f. Mean square F P
Elevation 3 46942 6.59 .0014
Graz ing 3 431739 6.06 .0022
Elev. x grazing 9 170127 2.39 .0339
Error a 32 71270
Date 1 385196 4. 58 .0401
Date x elevation 3 32948 .39 .7599
Date x grazing 3 205905 2.45 .0818
Date x elev. x gr. 9 59925 .71 .6938
Error b 32 84159
difference in slopes among grazing treatments. Grazing treatment, 
elevation, and the interaction between grazing and elevation were 
significant in the analysis of variance, Both treatments grazed by 
waterfowl (C and W) revealed a positive linear trend of belowground 
standing crop with elevation. In contrast, the treatments not grazed 
by waterfowl (N and F) showed a cubic trend; belowground standing crop 
was higher at the lower elevations within each island.
Belgw£.round production
Analysis of variance for the 1986 belowground standing crop 
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grazing, elevation, and date (Table 15a). We therefore assumed that 
belowground production rates for the various grazing treatments were 
not significantly different. Belowground production was calculated as 
the slope of the regression fitted to belowground standing crop data 
(which equals the average changes in standing crop per day), times the 
number of days in the growing season (see Chapter II). The 
interaction between date and elevation was significant, and we 
therefore tested for, and found, differences in slopes for regressions 
fitted for the various elevations (see Kleinbaum et al., 1988). Table 
16 shows the different production rates for the different elevations.
For 1987 there was a significant interaction between date and 
grazing treatment, but regression analysis revealed no significant 
difference in slopes among grazing treatments, perhaps because of the 
limited sampling dates in this year. We therefore calculated a single 
belowground production rate of 0.69 g/m2/day, a rate only one-third to 
one-fifth the 1986 rates.
Total production
Total production exhibited the same pattern as aboveground 
production (Table 17). In 1986, total production Increased linearly 
with increasing elevation, a trend also shown by the orthogonal 
polynomial contrasts for elevation on aboveground production (Tables 
14a and b), In 1987 the differences between aboveground production
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Table 16, Tuber biomass and belowground production rates from the 
regressions for Sag!ttaria-dominated marshes. Only 
significantly different values are shown.












0 Long S. latifolia 27 3.02 + .60
-10 Long S. platyphylla 27 2.43 ± . 58
-26 Mud Q. S. latifolia 27 2.58 + .58
-32 Mud Q. S. platyphylla 27 3.47 + . 58
73 .69 + .84
and total production were even smaller. This was due to the reduced 
number of belowground samples in 1987 and the dominance of S. 
latifolia on the three highest elevations.
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Table 17. Aboveground production of Sagittaria species measured
nondestructively, belowground production of all species 
estimated by regression, and total production for 
Sagittaria-dominated marshes. Only significantly 
different values are shown.
Grazing Aboveground Belowground Total
Year treat* Eleva- production production production
ment tion (g/mz/yr) (g/m2/yr) Cg/m2/yr)
all 0 1875 + 271 658 + 131 2533 + 301
-10 749 + 79 530 + 126 1279 + 149
-26 902 + 115 562 + 126 1464 + 171
-32 545 + 30 759 + 126 1304 + 130
control 0 3817 + 399 150 + 183 3967 + 439
-10 1550 + 202 150 + 183 1700 + 273
-26 1317 + 395 150 + 183 1467 + 435
-32 860 + 477 150 + 183 1012 + 511
waterfowl 0 1478 + 649 150 + 183 1628 + 674
grazing -10 2237 + 528 150 + 183 2423 + 559
only -26 1369 + 352 150 + 183 1519 + 397




In 1986, grazing did not significantly affect biomass and 
production of Sagittaria. We had not expected it to because the 
exclosures were not built until mid-February, and grazing pressure is 
highest in the winter months (November to March), when aboveground 
biomass is absent and both furbearers and many wintering waterfowl 
feed on rhizomes and tubers.
In 1987, grazing did not change Sagittaria aboveground biomass 
and production, but a significant interaction between elevation and 
grazing indicated that Sagittaria biomass and production increased at 
intermediate elevations in the absence of grazing by furbearers. At 
the highest elevation, Sagittaria biomass and production decreased in 
the absence of furbearer grazing, probably because of increased 
competition from other species, as discussed below.
Competition was less important at the intermediate elevations 
(-10 and -26 cm) of our sites because other species were seldom found 
at these elevations, and grazing of furbearers did reduce Sagittaria 
biomass and production. Intuitively, we expected this to be the case 
because the furbearers remove leaves and therefore reduce the 
photosynthetic capacity of the plants.
At the lowest elevation (-32 cm), where S. platyphylla was 
dominant, grazing seemed to have no effect on the aboveground biomass 
and production, indicating that some compensatory growth occurs in 
this species. The species' higher turnover rate in the areas grazed
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by furbearers also suggests compensatory growth (Table 13), as does 
the larger allocation to belowground biomass.
Comparing the control treatments grazed by both waterfowl and 
furbearers to the treatments excluding furbearers revealed that total 
aboveground biomass increased in the absence of furbearer herbivory at 
all elevations. Calculations of aboveground production from end-of- 
season biomass revealed a significant effect of grazing; the control 
(3803 g/m2/yr) and the ungrazed (3172 g/m2/yr) treatments had the 
highest production, followed by the waterfowl-grazed (2680 g/m2/yr) and 
the furbearer-grazed (2518 g/m2/yr) treatments. This result makes very 
little sense and is attributed to the decrease in biomass in some of 
the plots before the end-of-season harvest. Production estimates 
based on one-time harvesting can differ dramatically, depending on the 
date chosen for the harvest (Figs. 9 and 10), and are therefore less 
reliable than production estimates based on permanent plots or 
sequentially harvested plots. This is especially true if the 
treatments affect the longevity of the studied species or their parts 
and thereby change turnover rates or the timing of senescence and peak 
biomass. Herbivory has been shown to increase the longevity of some 
plants (Jameson, 1963; Cargill and Jefferies, 1984), even though it 
may reduce the longevity of individual leaves (Kotanen and Jefferies, 
1987).
Grazing significantly decreased the belowground standing crop, 
though it did not affect belowground production.
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Relative effects of furbearers. and waterfowl
In 1986, no significant effects of grazing were observed, so no 
comparison between the two groups of herbivores could be made. In 
1987, most aboveground biomass and production values were measured 
only in the waterfowl-grazed (W) and control treatments. These 
measurements revealed a significant effect of furbearer grazing. 
Belowground standing crop was significantly reduced in the grazed 
treatments compared to the ungrazed treatment, but the effect on 
belowground production was not significant. No significant 
differences in belowground standing crop were found between treatments 
grazed by either group alone.
In the main Atchafalaya delta, grazing by both groups 
significantly reduced above- and belowground biomass, as did grazing 
by either group alone. Grazing by only one of the groups, however, 
reduced the aboveground biomass less than did grazing by both groups 
combined (Evers et al., 1988). No significant differences were found 
between treatments grazed by either group alone. More studies are 
needed to quantify the relative effects of the two herbivore groups.
Flooding and competition effects
Aboveground biomass and production increased with increasing 
elevation. A negative linear relationship exists between elevation 
and hours of inundation (Shaffer et al., 1988); that is, flooding 
stress is higher at the lower elevations. In the Wax Lake delta, 
relative elevation also affects the length of the growing season 
because the cold spring floodwaters recede later from the lower
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elevations. In 1987, the aboveground biomass in the permanent plots 
appeared slightly later and more slowly at the lower elevations.
Belowground standing crop and production were greater at the 
lower elevations of each island, where S. platyphylla was dominant, 
than at the higher elevations dominated by S. latifolia. Sagittaria 
platyphylla apparently allocates more biomass to the roots.
Competition from other species negatively affects production and 
biomass of Sagittaria species. Such competition occurs only on the 
higher elevations, where other, less flood-tolerant species can 
establish themselves. Several studies have shown that species 
occurring in zones along a physical gradient are often limited by 
competitive ability near the end of the gradient, where other less 
tolerant species could potentially grow, and by physiological 
tolerance at the other end of the gradient (Grace and Wetzel, 1981; 
Snow and Vince, 1984; Grace, 1987). The distribution of Sagittaria 
seems to be limited by competition at one end of the flooding gradient 
and by flooding stress on the other.
Interactions among crazing, flooding, and competition effects
In 1987 three factors, grazing, flooding, and competition, 
affected the aboveground biomass and production of Sagittaria. At the 
highest elevations, Sagittaria no longer dominated the areas not 
grazed by furbearers, and Sagittaria biomass and production were 
significantly reduced compared to the control areas grazed by both 
furbearers and waterfowl. At this highest elevation, grazing reduced 
invasion by other species and therefore retarded succession. The same
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phenomenon of retarded succession in the presence of grazers has been 
described for a variety of coastal wetlands (Basset, 1980; Bakker and 
Ruyter, 1981; Smith, 1983; Bakker, 1985; Joenje, 1985; Bazely and 
Jefferies, 1986; Giroux and Bedard, 1987b; Pehrsson, 1988), These 
studies have yielded three hypotheses about the mechanism retarding 
success ion:
1. Grazed or open salt marsh surfaces have higher 
evapotranspiration and therefore higher soil salinities. Early 
successional species are the most salt tolerant, and only they 
can invade these open areas (Bakker and Ruyter, 1981; Joenje, 
1985).
2. Grazing and associated trampling increase erosion and therefore 
lower the sediment surface. Early successional species are the 
most flood tolerant, and only they can invade these areas 
(Pehrsson, 1988). Or, ungrazed vegetation has higher litter 
accumulation and sedimentation rates and can therefore be 
colonized by less-flood-tolerant, later successional species 
(Bazely and Jefferies, 1986)
3. Grazing opens areas, and early successional species are the best 
adapted to invade open areas (Bakker, 1985). Late successional 
species can invade only undisturbed (ungrazed) sites.
All three hypotheses include the concept that the early 
successional species are the most stress tolerant and best adapted for 
invading open spaces. Sagittaria species have relatively high flood 
tolerance and are good colonizers of open mud flats. Of the three
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hypotheses, the third seems to be most applicable to our data because 
salinities in the area are generally very low (eliminating the first 
hypothesis), and, though some erosion might result from the digging 
for roots and tubers in the winter months, elevation measurements 
revealed no differences among grazing treatments at each site 
(eliminating the second hypothesis).
We propose a fourth hypothesis more general than these three.
All of the previously mentioned studies attribute succession to 
changes in plant associations along an elevational gradient. Grazing 
might shift the zonation to higher elevations, instead of changing the 
elevation itself (as in hypotheses 1 and 2). Such a shift could occur 
if the flood or salinity tolerance of all of the involved species 
decreased as a result of grazing. This result would imply that all of 
the species were grazed to some extent, but since the involved 
herbivores (cattle and waterfowl) are known generalists, this is a 
distinct possibility. Not all plants need be eaten. They might also 
be negatively affected by trampling or disturbance of the soil 
resulting from grubbing. Smith (1983) reported that his Spartina 
patens site was invaded by the more flood-tolerant Spartina 
altemiflora after grazing by nonselective snow geese, but that 
shortly after grazing ceased, S. patens returned.
Herbivores are known to prefer the more tolerant (early 
successional) species (Cates and Orians, 1975; Brown, 1982), and one 
might therefore expect a competitive advantage for the less tolerant 
species. However, the early successional, more tolerant species have 
characteristics such as high growth rates, protected meristems, and
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large root - to - shoot ratios that make them less vulnerable to 
herbivores (Prins et al., 1980; Cargill and Jefferies, 1984; Bazely 
and Jefferies, 1986), even though they are grazed more heavily,
CONCLUSIONS
After two years, biomass and primary production at the 
intermediate elevations had decreased more in areas grazed by 
furbearers than in areas not grazed by furbearers. Interactions 
between grazing, flooding, and competition play an important role in 
this deltaic community. More research must be done to establish more 
causal relationships between these three factors,
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